Introduction The extent of tumor resection is a significant predictor of survival in highgrade gliomas. In recent years, several authors showed the benefit of intraoperative ultrasound partially matched with magnetic resonance imaging (MRI). The aim of this study was to find out if intraoperative neuronavigation in combination with intraoperative ultrasound has any impact on the complete resection of gliomas. A comparison between the ultrasound-controlled resection of brain tumors and operations controlled by navigated ultrasound was performed. Materials and Methods A total of 92 patients (54 men and 39 women) with a mean age of 53.2 years underwent 93 operations over a period of 4 years (2007)(2008)(2009)(2010). They harbored a tumor with suspicion of glioma; 32 of them had undergone previous surgery, and additional chemotherapy, and 29 of them had undergone irradiation. Overall, 49 operations were performed with navigated ultrasound (group A) and 44 with nonnavigated ultrasound (group B). A standardized early postoperative MRI was performed . Complete or gross total resection (GTR) was defined by a resection of 95% of the tumor. Skin incision and craniotomy were planned after registration of the neuronavigation system. The ultrasound system was used systematically before and after opening the dura, and during and at the end of resection. Results GTR could be achieved in 28 of 49 cases in group A and in 23 of 44 cases in group B. In group A, sensitivity and specificity of tumor remnants detected by ultrasound were higher than in group B. Concerning recurrent gliomas, the sensitivity of ultrasound visualizing tumor remnants was lower than in primary tumors. In case of preoperatively planned GTR, in both groups (navigated and non-navigated ultrasound) similar tumor remnant sizes were postoperatively detected by MRI. In nine cases the removal was incomplete because of eloquently located tumors. There was no significant difference between navigated and not-navigated ultrasound concerning GTR (p > 0.05).
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Introduction
The extent of tumor resection is a significant predictor of survival in patients with low-and high-grade gliomas.
1,2
Several technical tools are used during surgery to increase safety and to improve the clinical outcome. Nowadays neuronavigation systems and ultrasound are almost ubiquitously available. In recent years, several authors were able to show the benefit of two-dimensional (2D) and three-dimensional (3D) intraoperative ultrasound partially matched with magnetic resonance imaging (MRI).
3-7 For example, neuronavigation allows the neurosurgeon to plan the optimal approach, to perform a craniotomy more precisely, and to avoid damaging healthy brain tissue. It is also helpful for intraoperative orientation. 8, 9 Ultrasound facilitates real-time intraoperative imaging because the loss of cerebrospinal fluid (CSF) and surgical manipulation may alter the position of the tumor and cause brain shift. It is useful in the localization of tumors, in the evaluation of the extent of resection (EOR), and in the identification of vessels. 10 However, acquisition and interpretation of ultrasound images is user dependent and subjective, and some experience is required to obtain the preoperatively planned EOR. Therefore, linking the ultrasound probe to a neuronavigation system gives further information about the anatomical structures and could lead to an improved resection.
The aim of this retrospective study was to find out if the use of navigated ultrasound has any impact on the extent of the resection of gliomas, given the fact that the quality of images is user dependent and could be improved by neuronavigation. A comparison between ultrasound-controlled resection of high-grade gliomas and operations controlled by navigated ultrasound was performed. To our knowledge the impact of navigated ultrasound on the EOR has not been evaluated so far.
Materials and Methods

Patients
A total of 92 patients with a mean age of 53.2 years were evaluated retrospectively. They underwent 93 operations over a period of 4 years (2007-2010) . The ultrasound image quality was evaluated by the two performing surgeons using a questionnaire. Fifty-four of the patients were male; 39 were female. All patients were diagnosed with a tumor suspicious of high-grade glioma: 32 of them had undergone previous surgery, and additional chemotherapy, and 24 of them had undergone irradiation. The mean follow-up was 15.9 months. Tumors (n ¼ 9) located in the motor cortex, Broca or Wernicke area, thalamus, and basal ganglia were defined as eloquently localized. Therefore, in those nine cases the aim of the surgery was a subtotal resection. In two additional cases, tumor debulking/cytoreduction was planned due to the poor Karnofsky performance status (KPS) of the patients. The surgical goal for the other 82 patients was gross total resection (GTR). ►Table 1 summarizes the patients' characteristics.
Magnetic Resonance Imaging
A standardized preoperative MRI (1.5-T Sonata, Siemens) was performed after a defined protocol and with special sequences (T1 contrast, MP-RAGE, T2, T2 fluid-attenuated inversion recovery [FLAIR] ). In 90 of 93 cases, the tumor was contrast enhancing. In 58 of 93 preoperative MRIs, an edema could be detected.
An early postoperative MRI was performed 24 to 48 hours after surgery in all cases and compared with preoperative MRI scans. Complete or GTR ( 95%) was defined as no solid tumor remnants in the postoperative MRI compared with the preoperative MRI scans. Additionally, a volumetric measurement of the tumor remnants in the cases of subtotal resections was performed.
Conclusion Navigated ultrasound is an important technical tool that helps in intraoperative orientation. Further prospective investigation is needed to assess the impact on GTR. 
Intraoperative Ultrasound
Because the study is a retrospective analysis, we did not randomize the patients. Patients underwent surgery either under general anesthesia (n ¼ 86) or in an asleep-awakeasleep protocol (n ¼ 6). Fourteen surgeries were performed with continuous neurophysiologic monitoring (eloquently located tumors n ¼ 9; ►Table 1). Skin incision and craniotomy were planned after registration of the neuronavigation system (Brainlab AG, Feldkirchen, Germany) was completed.
A total of 49 operations were performed with navigated ultrasound (group A) and 44 with non-navigated ultrasound (group B). ►Fig. 1 shows the intraoperative situation. A Toshiba Aplio (SSA-700A Toshiba Medical Systems GmbH, Neuss, Germany) ultrasound system was used (2D, B-mode, 6.5 MHz). Using navigated ultrasound (group A), the probe was referenced to the navigation system after fixation of a pointer probe with an adapter system as shown in ►Fig. 1A. In both groups, systematically before and after opening the dura, ultrasound was used to evaluate the difference of image quality with and without loss of CSF. As soon as the surgeon expected the end of the resection, he inspected the surgical field using ultrasound. If remaining tumor could be visualized, further resection was performed.
Analysis and Interpretation
Intraoperative images were interpreted as follows: "tumor," "not tumor," or "unclear," and they were documented in the report of the operation. A special questionnaire evaluating the image quality of the ultrasound was used. The two surgeons made statements about quality of images, correlation of ultrasound, and preoperative MRI in the several phases of resection. The quality of ultrasound images was defined by the following criteria (also shown in ►Fig. 2): visualization of anatomical landmarks such as falx cerebri, ventricles, tentorium, quality of tumor demarcation, and presence or absence of artifacts like blood, air, or tamponade material.
Histopathology
Tumor samples were examined by and revealed 25 World Health Organization (WHO) grade III and 68 grade IV gliomas.
Results
Extent of Resection
GTR could be achieved in 28 of 49 cases in group A and in 23 of 44 cases in group B. In nine cases (group A: n ¼ 4; group B: n ¼ 5), the removal was incomplete because of tumor localization in eloquent areas.
Overall, 11 of the 41 tumor remnants shown by the postoperative MRI had been detected by intraoperative ultrasound imaging. The median tumor volume of all incomplete resections (n ¼ 41) was 3. In cases with preoperatively planned GTR but postoperative MRI showed subtotal resection with tumor remnant, similar median tumor remnant sizes were detected postoperatively in both groups: navigated versus non-navigated ultrasound (no significant difference; t-test; p > 0.05; ►Table 2).
In group A, the sensitivity and specificity of ultrasounddetecting tumor remnants were higher than in group B. Concerning recurrent gliomas, sensitivity visualizing tumor remnants was lower than in primary tumors. These results are shown in ►Table 2. There was no significant difference between group A and group B concerning GTR (p > 0.05). Recurrent gliomas and primary gliomas in general also showed no significant difference in EOR: 57.3 versus 58.7%. Fig. 1 (A) The ultrasound (US) probe was connected to the navigations system. (B) The probe was wrapped in a sterile foil, and the system was connected to the neuronavigation system. (C) Intraoperative situation with the camera of the neuronavigation (1), the two-dimensional US screen (2) , and the neuronavigation screen (3). In total, 30 of the tumor remnants shown by the postoperative MRI were missed by the ultrasound. Eleven of them were recurrent gliomas, and all of them had been irradiated previously. Nine of the missed tumor remnants were located in an eloquent region, and 12 of them were < 1 cm in size. Only three of all tumor remnants were not contrast enhancing in the pre-and postoperative MRI, and all of them were located in an eloquent region. One of them had also been missed by ultrasound.
Image Quality of Ultrasound
On the first ultrasound image after craniotomy and before opening the dura, the tumor could be detected and localized in most of the cases. Image quality was described as "very good" or "good" in 88.6%. Anatomical landmarks such as falx cerebri, ventricles, and tentorium could be visualized. After opening the dura, a second ultrasound image was performed. The results of the described image quality remained similar: In 82.3% of the cases, the surgeons described a "very good" or "good" visualization of the tumor. Only in two cases was the image quality diminished as described by the surgeons due to loss of CSF after opening the dura.
Intraoperative ultrasound images showed tumor remnants in 17 cases. Thus further removal was performed if feasible. In this phase, quality of images was judged as "good" in 69.3% because some artifacts decreased the accuracy of the images.
The overall survival (OS) (last contact with the patient or death) of the patients who underwent surgery with navigated ultrasound was in general higher than of those operated without navigated ultrasound: 18.4 months (group A) versus 13.5 months (group B). The mean age of the patients was similar in both groups: 53.4 years (group A) and 53.4 years (group B).
Discussion Factors Influencing Sensitivity of Navigated and NonNavigated Ultrasound
With the intention of complete resection of the solid parts of gliomas, their visualization during surgery is indispensable and poses a challenge to intraoperative imaging. On MRI the borders of malignant gliomas are defined by contrast-enhancing areas. However, the literature shows an infiltration zone existing beyond the visible tumor, so a certain intraoperative underestimation of the tumor is always to be expected. Furthermore, neuronavigation used for intraoperative orientation can cause inaccuracy because of brain shift due to tumor resection and loss of CSF.
In ultrasound, the echogenicity depends on the density of a mass and the mass difference between two adjacent tissue areas. It is also well known that the tumor borders are underestimated because gliomas are heterogeneous and mostly not well circumscribed. In addition, some artifacts like blood or air bubbles complicate the interpretation of the image. However, in general the solid part of the tumor can be visualized. The major drawback of this method is that acquisition and interpretation of the image are user dependent.
4-6
Using navigated ultrasound in our study showed a trend of higher sensitivity (41.7 vs. 19.6%) and specificity than using non-navigated ultrasound (88.7 vs. 82.3%). Interpretation of the images is possibly more feasible with navigated ultrasound, and artifacts can be identified as such. However, concerning the EOR, no significant difference in between navigated and non-navigated could be detected.
Furthermore, previous therapies can decrease the accuracy and quality of ultrasound images because the presence of gliosis seems to increase tumor volume. 11, 12 In our study, almost a third of the tumor remnants missed by the ultrasound were gliomas that had been irradiated previously.
Overall sensitivity for detecting tumor was lower in recurrent than in primary gliomas (12.5 vs. 41.7%), a phenomenon that is also described in the literature. 13 Because 24 of 32 recurrent gliomas had been irradiated previously, we estimate that irradiation is an important factor influencing the image quality, sensitivity/specificity of the ultrasound, and EOR. Finally, navigation seems not to balance out this drawback in irradiated gliomas because we could not find a significant difference concerning sensitivity and specificity in the recurrent gliomas using navigated or non-navigated ultrasound (►Table 2). However, we analyzed retrospectively a limited number of operations. Further prospective data are required to obtain significant results. The number of complete resections of primary tumors and recurrences was similar (57.3 and 58.7%, respectively) as also described by Gerganov et al. Therefore, navigation seems to lead to a better image quality but had no impact in our study on the EOR. Furthermore, the contrast enhancement characteristics of tumors on MRI also influence the sensitivity of intraoperative ultrasound. In our group most of the tumors were contrast enhancing. Because only three of all tumor remnants were not contrast enhancing in the pre-as well as the postoperative MRIs, and one of them had been missed by the ultrasound, no meaningful analysis can be done.
Sensitivity during Resection
Additionally, we found that the sensitivity of ultrasound to detect tumor tissue decreased during resection. Comparing the first ultrasound images before and after opening the dura in most of the cases, image quality stayed stable ("good/very good image quality" in 88.6 vs. 82.3%). Therefore, one could theorize that a second ultrasound image after opening the dura is not necessary because there was no further information benefit for the surgeons, and it takes time during the operation.
However, during resection the following factors could be identified from the operative reports leading to diminished accuracy: disadvantageous positioning of the patient and disadvantageous level of craniotomy leading to incomplete filling of the resection cavity with fluid, bleeding in the resection cavity mimicking tumor remnant, and poor differentiation of parenchyma and tumor because already edema and the bright rim effect caused hyperechogenic areas. Other authors have described these factors; this may have led to a reduced visualization of already tumor remnants. 4, 5, [13] [14] [15] In our study we found that tumor remnants were detected by ultrasound during surgery in 17 cases (18.3%), which led to further removal of tumor despite the fact that in this phase quality of images was judged as "good" in only 69.3%. The accuracy of neuronavigation decreased after the resection of the main part of the tumor due to brain shift, which is well investigated and described in the literature. 15, 16 In most of the cases, loss of CSF, brain swelling, and tumor debulking were the causal factors. The brain shift could be detected by ultrasound images but not be corrected because 2D ultrasound was used. With 3D ultrasound, a correction by intraoperative volumetric updates and fusion to preoperative MRI is theoretically possible but technically demanding.
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Extent of Resection
The current study demonstrates that only 11 of 41 tumor remnants could be detected by ultrasound. Smaller tumor remnants were especially not shown in the 2D ultrasound image. The volumetric assessment of tumor remnants postoperatively revealed that the median tumor remnant volume size in both groups, navigated and non-navigated ultrasound, was similar. Therefore, in our retrospective analysis, we could not find an advantage in using navigated ultrasound. Navigated ultrasound achieved no significantly increased EOR. In the group operated with navigated ultrasound (57.1%) and in the group operated with non-navigated ultrasound, 52.3% of the tumors could be removed completely ( 95%), which is comparable with results of other studies in the literature. In general, EOR is an important but debated issue. EOR is associated with progression-free survival and OS of the patients. Sanai et al described in a retrospective analysis of patients with glioblastomas that significant parameters concerning OS were KPS, EOR, and postoperative tumor volume.
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They found that an EOR > 78% has a positive effect on OS. On even higher levels of EOR, this positive effect on OS continues. Stummer et al describe complete resection with 99.9% removal of the solid contrast-enhancing tumor. 17, 18 In our study GTR was defined by a resection of 95% of the solid tumor as also described by other authors.
7
Limitations of the Study
With a mean follow-up of 16.0 months, OS was higher in the group of navigated ultrasound without reaching significant difference between the two groups. A selection bias concerning the age of the patient is not given in this case because both groups showed similar age distributions (►Table 2). But there is probably a certain selection bias by the surgeons because navigated ultrasound was chosen for patients with a better prognosis. A Norwegian study showed that the survival of 192 patients with glioblastoma improved after introduction of ultrasound and navigation in their department (9.6 vs. 11.9 months); adjustment for bias (main prognostic factors, e.g., age, further therapies) was performed, but interpretation still remains difficult due to the retrospective character of this evaluation. 19 Another limitation of the study is that demographic parameters like KPS, social history of the patients, quality of life, and psychic factors were not evaluated. Because this is a retrospective investigation of one single center, no randomization was performed, and only two surgeons in a single center were interviewed. Both of them were used to ultrasound imaging techniques and probably did not profit from the better anatomical interpretation of navigated ultrasound. If younger, less experienced surgeons had been included, the results could have been more favorable toward the navigated ultrasound. Therefore, further investigations with younger surgeons should be performed. Another important question arising from this investigation is whether the combinations of intraoperative ultrasound with other tools like 5-aminolevulinic acid or positron emission tomography with amino acid tracers can lead to higher extents of resection because the ultrasound image is a real-time image showing anatomical structures.
Conclusion
Navigated ultrasound is an important technical tool that aids in intraoperative orientation. To evaluate the impact for the EOR, which is influenced by multiple factors, further prospective evaluations are needed evaluating a higher number of patients in several centers.
